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Alignment and orientation of molecules by in-
tense, ultrashort laser fields are crucial for a
variety of applications in physics and chem-
istry. These include control of high harmonics
generation1,2, molecular orbitals tomography2–4,
control of molecular photoionization and disso-
ciation processes5–7, production of “molecular
movies” with the help of X-ray free-electron laser
sources and ultrafast electron diffraction of rel-
ativistic electrons8–10. While the dynamics of
laser-induced molecular alignment has been ex-
tensively studied and demonstrated (for a re-
view, see11–14), molecular orientation is a much
more challenging task, especially for asymmetric-
top molecules. Here we report the first experi-
mental demonstration of a field-free, all-optical
three-dimensional orientation of asymmetric-
top molecules by means of phase-locked cross-
polarized two-color laser pulses. In addition to
the conventional integrated orientation factor, we
report the differential degree of orientation which
is not amenable to optical measurements, but is
readily accessible in our angle-resolved imaging
technique. Our scheme applies to a wide class
of asymmetric molecules and opens new ways
towards controlling their orientation, eventually
leading to direct imaging of structure of gas-
phase molecules15 using advanced free electron
laser beams with extremely high spatiotemporal
resolution.
Over the years, several approaches have been used
to break the symmetry and define preferred directions
in space so that molecules can be oriented. Early
on, intense nonresonant laser fields were combined with
weak electrostatic fields16–20 for symmetry breaking,
and this was followed by introduction of single-cycle
THz pulses21–26, alone or in combination with opti-
cal pulses27–30. More recently, pulsed laser fields with
twisted polarization were shown to be effective for ori-
enting generic asymmetric molecules31, and for enantio-
selective orientation of chiral molecules32,33. Of spe-
cial interest for us is an all-optical approach that uses
nonresonant two-color laser field (fundamental wave
and its second harmonic) where the orientation is
achieved via the nonlinear interaction with the molec-
ular hyperpolarizability22,34–40.
In the present work, we report the first experimental
demonstration of all-optical field-free three-dimentional
(3D) orientation of asymmetric-top molecules. We intro-
duce a scheme using phase-locked Orthogonal Two-Color
(OTC) laser fields, which is applicable to a large class
of polyatomic molecules. In our experiments, the fun-
damental field aligns the major molecular axis (the one
with the highest polarizability) along the polarization di-
rection. The second harmonic field is temporally overlap-
ping with the fundamental field. The two fields together
couple to the molecule via off-diagonal components of
the molecular hyperpolarizability tensor. This interac-
tion orients the minor molecular axis (the one with the
second highest polarizability) after the OTC pulse is over
and results in field-free, 3D molecular orientation. In
what follows, we describe the experimental setup, show
the results of experimental observations, provide a sim-
plified two dimensional (2D) model that illustrates the
principles of our method, and discuss the results of a
more sophisticated fully three-dimensional simulation of
the experimental measurements.
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FIG. 1. Layout of the experiment. A supersonic gas jet
of SO2 molecules subject to a pair of synchronized two-color
laser pulses with orthogonal polarizations in an ultrahigh vac-
uum chamber of COLTRIMS.
The experiments were performed on Sulphur dioxide
(SO2) molecules in a supersonic molecular beam (rota-
tional temperature T = 18 K). The O-axis (see Fig.
2a) is the major molecular axis with the largest polariz-
ability. The S-axis bisects the bond angle between the
oxygen atoms, and it is the minor axis with the second
highest polarizability. The molecular permanent dipole
moment is directed along the S-axis. In our scheme, the
laser pulses propagate along the X axis. The fundamen-
tal field is a Y -polarized femtosecond laser pulse with the
fundamental wavelength (FW) of 790 nm. The second
color field is a Z-polarized second harmonic (SH) pulse
of 395 nm whose frequency is doubled relative to FW. It
temporally and spatially overlaps the first pulse, and is
phase locked to it. The OTC pulse is focused on a super-
sonic molecular beam propagating along the Y axis. At a
variable delay after the application of the two-color pulse,
an intense circularly polarized probe pulse is employed to
explode the molecules and to image their 3D spatial ori-
entation via coincident Coulomb explosion imaging tech-
nique, as is schematically shown in Fig. 1. The reaction
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2troscopy (COLTRIMS) setup41 provides direct access to
the spatiotemporal molecular dynamics as a function of
the time delay after the OTC pulses with femtosecond
time-resolution. The details of the experimental system
are given in Methods Subsection A.
FIG. 2. 2D model. a, SO2 molecule whose major axis is
perfectly aligned along the laboratory Y axis. The minor axis
lies in the XZ plane at an angle θ relative to the Z axis. b,
Potential energy as a function of θ for φL = 0, pi, pi/2, (see
eqs. 3 and 4)
To illustrate the two-color orientation mechanism, we
consider a classical ensemble of cold SO2 molecules whose
major axis is perfectly aligned along the laboratory Y
axis with a uniform angular distribution of the molecu-
lar minor axis in the XZ plane. The angle of rotation
around the alignment axis is denoted by θ, see Fig. 2a.
At time t = 0, a short phase-locked OTC pulse is applied
to the ensemble. The electric field is given by
E = E1(t) cos(ωt)eY + E2(t) cos(2ωt+ φL)eZ , (1)
where eY,Z are the units vectors along the correspond-
ing laboratory axes, Ei(t) are fields’ envelopes, ω is the
carrier frequency of the FW field and φL is the relative
phase between the FW and SH fields. The potential,
U describing the interaction of the laser field with the
molecules (to third order in the electric field) is given
by42,43
U = −1
2
αijEiEj − 1
6
βijkEiEjEk, (2)
where αij are the components of the polarizability tensor,
βijk are the hyperpolarizability tensor components, and
Ei are the components of the electric field. The tensors
αij and βijk are symmetric in all indices
42 and summa-
tion over the repeated indices is implied. For molecules
having C2v symmetry the hyperpolarizability tensor has
three independent elements β113, β223 and β333. For SO2
molecule, index 1 corresponds to the major O-axis, 3 to
the minor S-axis and 2 to third principal axis that points
out of the molecular plane42,43.
Explicit expression for the interaction energy averaged
over fast optical oscillations as a function of the angle θ
is given by:
U (θ) = −E220a cos(2θ) + E210E20b cos(θ), (3)
where a = (α33 − α22) /8, b = β113 cos(φL)/8 and Ei0
are the amplitudes of the fields. For SO2 molecules,
α22 < α33, and β113 > 0. The cos(2θ) term arises from
the field interaction with the linear molecular polarizabil-
ity, while the cos (θ) term results from the hyperpolariz-
ability interaction. Figure 2b shows U (θ) for various φL
values. As seen, the potential is a tilted double well with
the tilt controlled by the relative phase φL. When the
relative phase is φL = pi/2, then b = 0 and the graph of
the potential is the solid-green curve (Fig. 2b). In this
case, the potential is a symmetric function of θ in the in-
terval [0, pi] and its two minima are equivalent. A kick by
such a potential leads the focusing of the angular distri-
bution at θ = 0, pi shortly after the kick.23 If φL 6= pi/2,
the symmetry of the potential function is broken and the
minima are no longer equivalent, manifested in asym-
metrical evolution of the angular distribution. Near the
minima (θ = 0, pi), the potential may be approximated
as
U (θ) ≈
{
(−A+B) + κ−θ2 θ ≈ 0
(−A−B) + κ+ (θ − pi)2 θ ≈ pi , (4)
where A = E220a, B = E210E20b and κ∓ = [4A∓B] /2.
FIG. 3. Results of 3D simulation. a, Orientation factor
〈cosφSZ〉 (t) b, Alignment factor 〈cos2 φO〉 (t). c, 3D surface
plot of the time dependent angular distribution for S-axis. d,
3D surface plot of the time dependent angular distribution
for O-axis. e, Top view of the 3D surface c. f, Angular
distribution, P (φS) at t = 0.16 ps, the moment of tight focus
at φS = −pi/2. g, Angular distribution of, P (φS) at t =
0.22 ps, the moment of maximal orientation.
As seen, the functional form of U (θ) is an upward
opening parabola both at θ = 0 and θ = pi. However,
the depths of these parabolas (relative difference is 2B),
as well as stiffnesses, κ∓ (0 < κ−, κ+) differ. In addi-
tion, the maximum of the potential shifts either to the
left (φL < pi/2), meaning that more molecules are kicked
3FIG. 4. Coincidentally measured momentum distributions of S+ and O+. Here pY and pZ are the projections of
fragments’ momenta on Y and Z axes, respectively (measured in atomic units). a, Isotropic momentum distribution for S+
and O+ ions measured before the arrival of OTC pulse. b and c, Anisotropic momentum distributions for S+ and O+ ions
measured at t ≈ 0.20 ps after the application of the OTC pulse at φL = 0 and pi, respectively. d and e, Angular distributions
of S+ derived from b and c, respectively.
towards θ = pi, or to the right (φL > pi/2), in which case
more molecules are kicked towards θ = 0. Moreover,
the focusing times at θ = 0, pi depend on the stiffnesses,
κ∓. For example, in the case of φL = 0 (blue-M curve,
Fig. 2b), κ− < κ+ and shortly after the kick, the angu-
lar distribution first focuses at θ = pi, and afterwards at
θ = 0, resulting in a pronounced left-right asymmetry of
the angular distribution at the moment of each focusing
event. Being an integrated quantity, the orientation fac-
tor, 〈cos θ〉 (t) is almost insensitive to the sharp features
of the distribution. It does not attain its maximal value
at the moment of the highest left-right asymmetry of the
distribution, but rather at the moment when the differ-
ence in the areas under the distribution curve to either
side of θ = 0 is the largest. For this reason, in discussions
of the simulation and experimental results below we will
report both measures of orientation.
The degree of orientation of the S-axis along the Z
axis in a molecular ensemble is determined by the bal-
ance between aligning and orienting interactions with SH
field, as described by the first and the second terms in
Eq. 3, respectively. The orientation effect is emphasized
relative to the alignment with reduction of SH field am-
plitude, because the aligning interaction is quadratic in
E20, while the orienting interaction is linear. Although
the optimization of the orientation process is not a sub-
ject of the present study, it is worth mentioning that
splitting of a two-color pulse into two subpulses may be
beneficial for the overall degree of orientation44.
As a next step, we proceed to a full three-dimensional
simulation of the orientation process. Consider a ther-
mal (T = 18 K) ensemble of N  1 asymmetric classical
rigid rotors with known polarizability and hyperpolariz-
ability tensors, which are subject to a phase-locked OTC
pulse. To simulate the time-dependent rotational dy-
namics of the molecules, we adopt an efficient singularity-
free numerical technique, where quaternions are used to
parametrize the rotation45–47. The angular velocity of
each molecule is obtained by numerical integration of
the Euler equations48. The orientation in the laboratory
frame of reference is retrieved from numerical integration
of the angular-velocity-dependent equation of motion for
the quaternion. A detailed description of this computa-
tional approach can be found in the Methods Subsection
B.
In our Monte Carlo simulations we used ensembles of
N = 500, 000 molecules that are initially isotropically
distributed. To account for the essentially 2D character
of the detection setup (Coulomb explosion by a probe
pulse circularly polarized in the Y Z plane), and to ap-
proximate the experimental measurement conditions, the
observable quantities were calculated by averaging over
a sub-ensemble of molecules lying approximately in the
Y Z plane at the time of the measurement. The selection
criterion was based on the angles of both minor and ma-
jor axes with respect to the Y Z plane. Only when both of
them were simultaneously less than pi/4 (a value close to
the experimental arrangement) the molecule was taken
into account. The peak intensities of the pulses were
IFW = 1.4 × 1014 W/cm2 and ISH = 0.3 × 1014 W/cm2
and the duration (FWHM) of the pulses was 120 fs, which
is much shorter than the typical periods of molecular ro-
tation.
Figures 3a,b plot the simulated orientation of the S-
axis (characterized by the 〈cosφSZ〉) and alignment of
the O-axis (characterized by the 〈cos2 φO〉) for various
4time delays with respect to the OTC pulse (φL = 0).
Here φO(φSZ) are the angles that the projections of the
O-axis(S-axis) on the Y Z plane constitute with respect
to the Y (Z) laboratory axis. For an isotropic molecular
ensemble, 〈cos2 φO〉 = 0.5 and 〈cosφSZ〉 = 0.0. For the
example shown in Fig. 3, both the alignment and the
orientation reach maximal values at about 0.22 ps af-
ter the excitation by the OTC pulse. Three-dimensional
surface plots of the time-dependent probability distribu-
tions P (φS, t) and P (φO, t) are depicted in Figs. 3c and
3d. Here φS are the angles that projections of the S-
axis on the Y Z plane constitute with respect to the Y
laboratory axis. Figure 3c shows the expected asymmet-
ric focusing of the angular distribution of the S-axis at
φS = −pi/2, pi/2 after 0.16 ps. In analogy to the 2D
model considered above, the focusing at φS = −pi/2
slightly precedes the one at φS = pi/2 (see Fig. 3e).
Moreover, Figure 3f shows a pronounced left-right asym-
metry in the distribution of the φS angle at t = 0.16 ps
(ratio of peaks’ heights is ∼ 0.8). The orientation factor
attains its maximal value some later (t = 0.22 ps), when
the difference of the areas under the distribution curve
to either side of φS = 0 is the largest (see Figure 3g).
Thus, the effect of orientation is captured by both the as-
symetry of the distribution, P (φS, t) and the integrated
quantity, 〈cosφSZ〉 (t). Figure 3d clearly demonstrates
the expected symmetric (φO = 0, pi) focusing of angular
distribution of the O-axis, which happens simultaneously
with the orientation of the S-axis.
Figures 4a-c show the experimentally measured mo-
mentum distributions of the coincidentally measured S+
(vertical plane) and O+ (horizontal plane) ions ejected
from the Coulomb exploded triply ionized SO2 molecules
at 0.20 ps after the application of the OTC pulse. The
raw data was normalized to compensate for the detec-
tor bias and possible imperfection in the circularity of
the probe pulse. The details of the data processing pro-
cedure are given in the Methods Subsection A. For the
reference, the momentum distribution of the ions ejected
from molecules exploded before the application of the
OTC pulse (i.e. at negative time delay) is presented in
Fig. 4a. In this case, an isotropic angular distribution
for both axes is clearly seen. After the application of the
OTC pulse, the evident alignment of the major O-axis
along the Y direction (FW polarization) can be seen on
the horizontal plane for both laser phases φL = 0 and
φL = pi (Figs. 4b and 4c). For the minor S-axis, a sim-
ilar angular clustering along Z axis, i.e. the direction of
the SH polarization, is achieved while exhibiting a notice-
able left-right asymmetric distribution. This asymmetry
along the Z axis stands for the laser-induced orientation
of the molecular S-axis, which can be controlled by ad-
justing the laser phase φL of the OTC pulse. Figures 4d
and 4e plot the corresponding angular distributions of
the S-axis for the phases of φL = 0 and pi, respectively.
The orientation degree of the S-axis is estimated to be
〈cosφSZ〉 = −0.069 for φL = 0 and 〈cosφSZ〉 = 0.043 for
φL = pi, respectively. These values are in quantitative
agreement with the numerical simulations. The align-
ment degree of the O-axis is about 〈cos2 φO〉 = 0.79.
So far, the observed data had been discussed in the
traditional terms of the degree of orientation, 〈cosφSZ〉.
This is the proper framework when one is dealing with
optical experiments, where experimental observation re-
flect the integrated index of refraction, namely a quantity
averaged over all possible molecular orientations. How-
ever, COLTRIMS is different and uniquely offers detailed
information on the probability of finding molecules at a
specific angle (see Figs. 3c,f for the theoretical results
and Figs. 4d,e for the experimental data). As seen in
these figures, there is a pronounced difference in the peak
values of the distribution for the left φS = −pi/2 and the
right facing molecules φS = pi/2. Therefore, we introduce
an additional measure of orientation, the differential de-
gree of orientation (DDO), defined as
DDO =
P (φS = pi/2)− P (φS = −pi/2)
P (φS = −pi/2) + P (φS = pi/2) . (5)
This measure of orientation is not addressable by the
optical detection schemes, but is readily observable in
our COLTRIMS experiments. The DDO value obtained
from the simulation results is 0.10, while the experi-
mentally measured ones are DDOφL=0 = −0.09 and
DDOφL=pi = 0.11. This indicates the ability of the OTC
pulse to induce relatively high degree of asymmetry in
the otherwise uniform angular distribution of the φS an-
gle.
In summary, while various different combinations of
single and multiple ultrashort pulse excitation were
shown to cause molecular alignment, in order to achieve
molecular orientation, symmetry breaking must be in-
duced. We have demonstrated, experimentally and the-
oretically, that field-free three-dimensional molecular ori-
entation can be achieved by phase-locked OTC laser
pulse. The relative phase between the two-color fields de-
termines the direction of the oriented molecules in space.
The degree of orientation can be controlled by optimiz-
ing the parameters (peak intensity and pulse duration)
of the laser fields at the fundamental and second har-
monic frequencies. For a given total available laser pulse
energy, optimal allocation of energy to each component,
and/or splitting an OTC pulse in several subpulses may
further increase the degree of orientation. To the best of
our knowledge, our work provides the first demonstration
of field-free, all optical three-dimensional orientation of
asymmetric-top molecules. Our approach may find use
in the eventual orientation of larger molecules as a step
towards their structural analysis by attosecond imaging
methodologies15.
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METHODS
A. Experimental Methods
Field-free 3D orientation of SO2 molecule in a molec-
ular beam is induced by a pair of orthogonally polar-
ized two-color femtosecond laser pulses. Following the
orientation, a intense circularly polarized probe pulse
Coulomb-explodes the molecules to image their spa-
tial orientation at various time delays, as schematically
shown in Fig. 1. The output (25 fs, 790 nm, 10 kHz) of a
Femtolasers multipass amplifier Ti:sapphire laser system
is split into pump and probe arms via a beam splitter of
7 : 3 intensity ratio. The OTC pulse is generated in a co-
linear scheme by down-collimating the 70% pump beam
into a 150 µm-thick β-barium borate (β-BBO) crystal to
generate a SH pulse at 395 nm. To increase the doubling
efficiency, a telescope is placed in front of the β-BBO
crystal to reduce the beam diameter by a factor of two.
A path of 7 mm-thick α-barium borate (α-BBO) crystals
is introduced after the β-BBO crystal to compensate the
group delay between the two colors that is induced by
the optical components (wedges, mirrors and windows)
along the beams’ path. The 30% probe beam is passed
through a quarter wave plate, followed by a beam ex-
pander, making it circularly polarized and doubles its
diameter. A motorized delay stage in the probe arm is
used to synchronize and adjust its time delay with re-
spect to the OTC pulse. The two pulses are afterwards
focused onto a supersonic molecular beam of 20% mix-
ture of SO2 in He in an ultrahigh vacuum chamber of
the COLTRIMS apparatus by a concave silver mirror
(f = 7.5 cm).
By pre-compensation the pulse chirp prior to the am-
plifier, the temporal duration of the probe pulse in the
interaction region is controlled to be ∼ 40 fs. The
OTC pulse is stretched to be ∼ 120 fs after the BBO
crystals, wedge pair, the combination mirror and the
entrance window. The intensities of the FW and the
SH in the reaction area are measured to be IFH ≈
1.4 × 1014 W/cm2, ISH ≈ 0.3 × 1014 W/cm2 and the
intensity of the probe pulse is ∼ 6 × 1014 W/cm2. The
rotational temperature of the molecular beam is close
to the translation temperature, which can be estimated
from Ttrans = ∆p
2/ [4 ln (4) kBm], where kB is the Boltz-
mann’s constant, ∆p and m are the full-width at half-
maximum of the momentum distribution (in the jet di-
rection) and mass of the singly ionized SO+2 , respectively.
In our experiment we measure a momentum width in
the jet direction of ∆p ∼ 6.1 a.u. of SO+2 ions created
by a laser field polarized along the Z axis (orthogonal
to the jet direction). The rotational temperature of the
SO2 molecule is estimated to be 18 K. The produced
fragment ions are accelerated and guided by a weak ho-
mogeneous static electric field (∼ 20 V/cm) and then
detected by a time- and position-sensitive microchannel
plate detector. The three-dimensional momenta of the
ions are retrieved from the measured time-of-flights and
positions of the impacts. Here, for the asymmetric-top
molecules, the direction of the principle axes is retrieved
from the coincidentally measured fragment ions of the
triple-ionization-induced Coulomb explosion channel of
[SO2 + nèÑ→ S+ + O+ + O+ + 3e] . The angular dis-
tributions for φS and φO away from the Y axis at max-
imum 3D orientation are measured by fixing the delay
stage around 0.20 ps. To increase the visibility and elim-
inate the bias induced by the imperfect circularity of the
probe pulse, the angular distribution at negative time
delay is collected as reference for the data analysis. We
normalize the total probability of the angular distribu-
tion to unity for each time delay and then subtract the
averaged angular distribution at negative times. Since
the fragmentation of triply ionized SO2 molecule hap-
pens mostly in the polarization plane of the probe pulse,
the data analysis are restricted to this plane by select-
ing molecules confined to [−pi/4, pi/4] with respect to the
Y Z plane.
B. Numerical Methods
We consider the asymmetric molecules as classical
rigid rotors with anisotropic polarizability and hyperpo-
larizability. A specific example of the SO2 molecule is
presented in Figure 5.
FIG. 5. The SO2 molecule. Axes x, y and y are the principal
axes of the molecule. Here, all atoms lie in xz plane and
color-coded: red - oxygen, yellow - sulfur.
7Table I summarizes the properties of the SO2 molecule.
The moment of inertia tensor and its principal axes
were computed based on the Cartesian atomic coordi-
nates (measured in bohr)43: S = (0.0, 0.0,−0.682958)
and O = (±2.333567, 0.0, 0.682581).
↔
I comp.
↔
αcomp.
↔
β com. D comp.
Ix = 55509 αxx = 31.26 βxxz = 22.0 µx = 0.0
Iy = 371885 αyy = 18.64 βyyz = 26.5 µy = 0.0
Iz = 317477 αzz = 20.80 βzzz = 6.4 µz = −0.79
TABLE I. Summary of the SO2 properties (measured in a.u):
eigenvalues of the moment of inertia tensor, components of
polarizability tensor, components of hyperpolarizability ten-
sor and components of dipole moment in the body-fixed frame
of molecular principal axes.
We investigate the behavior of an ensemble of N  1
molecules with the help of the Monte Carlo simula-
tion in which rotational dynamics of each molecule is
treated numerically. The description of rotational dy-
namics in terms of Euler angles is known to lead to sin-
gular equations of motion48. Here, we rely on an effi-
cient singularity-free numerical technique where quater-
nions are used to parametrize the rotation45–47. This
approach solves the singularity problem and avoids time
consuming calculations of trigonometric functions. The
orientation of a rigid body is described by a quaternion:
q = (q0, q1, q2, q3) =
(
cos
θ
2
, sin
θ
2
p
)
,
where p is a unit vector defining the direction of rotation
and θ is the angle of rotation about it. The rate of change
in time of a quaternion is given by
q˙ =
1
2
qΩ, (6)
where Ω = (0,Ω) is a pure quaternion46,47 constructed
from angular velocity of the molecule, expressed with re-
spect to the body-fixed frame of molecular principal axes
a, b and c, Ω = (Ωa,Ωb,Ωc). In Eq. 6, the quaternions
multiplication rule is implied46,47. According to Euler
equation48, the rate of change of the angular velocity
expressed with respect to the body-fixed frame is
↔
I Ω˙ =
(↔
I Ω
)
×Ω + T, (7)
where
↔
I is the moment of inertia tensor and T =
(Ta,Tb,Tc) is the torque, both expressed with respect
to the body-fixed frame. To model the torque due to in-
teraction with an electric field, we transform the electric
field E, expressed with respect to the laboratory frame of
reference, into the body-fixed frame. The transformation
rule is E = qcEq, where E = (0,E) and E = (0,E) are
pure quaternions, constructed from the electric field in
the body-fixed frame and E, respectively. A conjugate
of a quaternion q is denoted by qc.46,47 Again, quater-
nions multiplication rule is used in the transformation.
The linear polarizability part of the induced dipole mo-
ment in the body-fixed principal axes frame is given by
D =
↔
αE, where
↔
α is the polarizability tensor in the
body-fixed frame. The torque due to the polarizability
is Tα = 〈D×E〉, where 〈·〉 is a time average over fast
oscillations of the optical field. The torque due to the
hyperpolarizability in the body fixed frame is given by
Tβi = 〈εijkβjnmEnEmEk〉 , where εijk is the Levi-Civita
symbol. Explicit torques expressions for the two-color
field are
Tα =
E21
2
(
↔
αE1
)
×E1 + E
2
2
2
(
↔
αE2
)
×E2
and
T βi =
E21E2
4
εijk
[
βmnjE1mE2nE1k +
1
2
βmnjE1mE1nE2k
]
,
where E1, E2 are the transformed (into the body-fixed
frame) polarization vectors of the FW and SH, respec-
tively.
In our simulations, the initial ensemble of molecules is
generated via a Monte Carlo procedure. The initial ori-
entations of the molecules and the corresponding quater-
nions for an isotropic ensemble are generated by a ran-
dom uniform sampling over the space of rotations49. We
assume that the molecular ensemble is initially at ther-
mal conditions, and that the molecular angular velocities
are distributed according to:
f (Ω) ∝ exp
[
−Ω
T
↔
I Ω
2kBT
]
=
∏
i
exp
[
− IiΩ
2
i
2kBT
]
,
where i = x, y, z. Since the kinetic energy is a scalar,
it is coordinate invariant so we express it with respect
to the body-fixed frame. Here, T is the temperature of
the gas and kB is the Boltzmann constant. We integrate
the system of equations 6 and 7 using the Runge-Kutta
integration method. At each time step, the quaternions
are renormalized in order to preserve the unit norm45,47.
